In this work we present results from high performance silicon optical modulators produced within the two largest silicon photonics projects in Europe; UK Silicon Photonics (UKSP) and HELIOS. Two conventional MZI based optical modulators featuring novel self-aligned fabrication processes are presented. The first is based in 400nm overlayer SOI and demonstrates 40Gbit/s modulation with the same extinction ratio for both TE and TM polarisations, which relaxes coupling requirements to the device. The second design is based in 220nm SOI and demonstrates 40Gbits/s modulation with a 10dB extinction ratio as well modulation at 50Gbit/s for the first time. A ring resonator based optical modulator, featuring FIB error correction is presented. 40Gbit/s, 32fJ/bit operation is also shown from this device which has a 6um radius. Further to this slow light enhancement of the modulation effect is demonstrated through the use of both convention photonic crystal structures and corrugated waveguides. Fabricated conventional photonic crystal modulators have shown an enhancement factor of 8 over the fast light case. The corrugated waveguide device shows modulation efficiency down to 0.45V.cm compared to 2.2V.cm in the fast light case. 40Gbit/s modulation is demonstrated with a 3dB modulation depth from this device. Novel photonic crystal based cavity modulators are also demonstrated which offer the potential for low fibre to fibre loss. In this case preliminary modulation results at 1Gbit/s are demonstrated. Ge/SiGe Stark effect devices operating at 1300nm are presented. Finally an integrated transmitter featuring a III-V source and MZI modulator operating at 10Gbit/s is presented.
INTRODUCTION
The optical modulator is central to any optical communication system. The attractiveness of silicon as a material in which to build the optical circuits required to implement such systems is very much reliant on the performances of the individual components which can be formed to be sufficient for both today and tomorrows requirements. Within both the EPSRC funded UK silicon photonics (UKSP) and FP7 funded HELIOS projects there is a strong modulator activity, covering different types of optical modulator compatible with CMOS. Over the previous decade the performances of silicon optical modulators has been dramatically improving with the most impressive devices being from those based upon the plasma dispersion effect. There are three main types of structure which have been used to manipulate free carrier densities in interaction with the propagating light and thus modulate via the plasma dispersion effect. Firstly there are carrier injection based devices which use a PIN diode structure with the waveguide located in the intrinsic region. When this device is forward biased carriers are injected into the intrinsic region, changing the refractive index and therefore the phase of the propagating light. Although the modulation produced is relatively very phase efficient and the device simple to produce, the speed is mostly limited to around a GHz due to the relatively long free carrier recombination lifetime in silicon. However this may be sufficient in some lower specification applications where compactness is key. Secondly there are carrier accumulation based devices such as the one which was the first to experimentally cross the 1GHz barrier in silicon [1] . Such devices use a thin insulating layer in the waveguide around which carriers accumulate when voltage is applied to the device. Such devices are the most complicated of the three types to produce since the thin insulating layer has to be incorporated into the guiding region. Carrier accumulation based devices do however show a good combination of high speed and high efficiency. Finally there are carrier depletion based devices which use the depletion of carriers from a PN junction located in or around the waveguide to modulate the phase of the light. Most of the devices reported in the previous few years have been based upon carrier depletion. This is most likely due to the high speed performance and the relative ease of fabrication compared with accumulation based device. A relatively low modulation efficiency however commonly results in device lengths in the millimetre regime. Within the UKSP and HELIOS projects our research group now based in the Optoelectronics Research Centre (ORC) at the University of Southampton have worked on two unique designs of phase modulator based upon carrier depletion and incorporated into Mach-Zehnder Interferometer (MZI) structures. As mentioned above carrier depletion based are relatively inefficient. The power consumption of the devices can also be problematic in a world where everyone is concerned upon energy usage and ultimately the power per bit. Within the project different methods are being developed to address this issue. Firstly there is the use of resonant structures rather than a MZI which results in vastly reduced device lengths. Next there is the use of photonic crystal structures to slow the light in the phase modulator to increase the interaction of the light with the modulating mechanism. Finally as an excursion from plasma dispersion based devices, a modulator based upon the quantum confined stark effect (QCSE) in a Ge/SiGe quantum well structure is investigated. High performance modulation is observed in all cases. Following on from the successful development of the modulator the next step is to integrate it with other photonic components to begin to build up functional integrated photonic circuits. One particular problem in the silicon photonics is the development of the light source due the indirect bandgap in silicon. Within the HELIOS project hybrid III-V on silicon sources which use the III-V regions for gain and have the cavity within silicon are being developed. In this work we show a first integration of such a source with a MZI carrier depletion modulator.
CARRIER DEPLETION MODULATORS 400nm phase modulator
The cross-section of one variant of phase modulator which has been under development with the UKSP project is shown in figure 1 [2] . It is based in SOI with a 400nm overlayer thickness and features a wraparound PN junction structure. The waveguide therefore has a height of 400nm, the width is 410nm and the slab height 100nm. The waveguide is doped mostly p-type. An n-type strip is then formed up the two sides of the rib, along the top of the rib and along the slab to one side abutting a highly doped n-type region. The slab on the other side is doped p-type and connects the rib to a highly doped p-type region. The highly doped regions allow ohmic connections to be made to the electrodes which are used to drive the device. Coplanar waveguide (CPW) travelling wave electrodes are used to co-propagate the light and driving signal. A Ir dp process can be used to form the PN junction. The phase modulators are incorporated into asymmetric MZI to convert the phase modulation into intensity modulation.
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Figure 4 -Cross sectional diagram of carrier depletion phase modulator self-aligned pn junction
The DC performance of an example modulator is shown in figures 5 and 6. In figure 5 it can be seen that for the MZI with the 3.5mm phase shifter a π phase shift is achieved at around 6.5V. The high speed performance of the device was also analysed in the same way as the previous carrier depletion device but at 40Gbit/s ( Figure 6 ) and 50Gbit/s (Figure 7 ). At 40Gbit/s (6.5V peak to peak) an open eye diagram with a modulation depth of 10dB is observed from the MZI with 3.5mm MZI. With the shorter device the modulation depth is reduced to 3.5dB. At 50Gbit/s the modulation depth from the MZI with 1mm phase shifter is reduced slightly to 3dB. In both cases the peak to peak drive voltage was 6.5V. Using the same method to calculate the power consumption as with the previous device gives 5.3pJ/bit at 40Gbit/s and 4.2pJ/bit at 50Gbit/s. The chirp of the device has also been theoretically and experimentally characterised for both singledrive and dual-drive schemes. It has been shown that for the dual-drive case the chirp is very small showing the potential for the implementation of silicon based optical modulators into longer haul applications. Within the HELIOS project there is a further phase modulator design investigated by partners from University Paris-Sud [7] . This design has also demonstrated excellent performance.
MODULATION ENHANCEMENT
In order reduce the footprint and/or the drive voltage (and therefore power consumption) of the phase modulators different methods of enhancing the modulation effect to that of a conventional MZI approach have been investigated. These include using a ring resonator structure, a corrugated waveguide slow light approach, a dispersion engineered photonic crystal slow light approach and using a photonic crystal based cavity structure.
Ring resonator modulator
The carrier depletion phase modulator based in 220nm SOI (figure 4) has also been incorporated into a ring resonator structure as shown in figure 8 [8] . The p+ contact is in the centre of the ring resonator and the n+ region surrounds it. The ring radius is 6um and the separation between the ring and the access waveguide 150nm at the closest point. Since the PN junction is at the outer edge of the ring waveguide the light has a greater interaction with the depletion region than it does in a straight waveguide as used in the in the convention MZI. Potentially this phase modulator design is therefore better suited for implementation in ring resonator structures than MZI. The ring modulator has been tested at high speed in a similar manner as the conventional MZI except that it is driven as a lumped element. Since the impedance of the ring modulator is not 50ohm a broadband RF attenuator is inserted between the device and the driver to avoid reflections which can both degrade the signal and damage the driver. This reduces the peak to peak drive voltage to 1.4V. Optical eye diagrams at 30Gbit/s and 40Gbit/s are shown in figure 9 . The modulation depth at either speed is 1.6dB and 1.1dB respectively. The reduction in modulation depth between 30Gbit/s and 40Gbit/s can be mostly explained by the imperfect drive signal to the device. The reason for the low modulation depth is the combination of a low Q (1015), low drive voltage and small ring radius. The modulation depth can is best improved by improving the Q. Our analysis suggests that significant improvements can be made whilst maintaining 40Gbit/s operation. The power consumption of the device taking into account that the voltage at the ring could be as much as double due to the reflection of the drive signal is 32fJ/bit. It can be seen that this is much lower than with the MZI based modulators, however, no account is taken any power required to stabilise the temperature of the device. 
Corrugated waveguide modulator
By slowing the light propagating through the modulator a greater interaction of the light with the modulating effect is achieved. Within the HELIOS project slow light propagation is achieved through the use of a one-dimensional (1D) periodic structure consisting of a laterally corrugated waveguide [9] [10] . The corrugated waveguide is based in 220nm overlayer SOI and features a central PN junction as shown in figure 10 . figure 11 left) . The MZI with 500um phase modulator, operated with a group index of ~8, has a 5V peak to peak, 40Gbit/s drive signal applied. An open eye diagram with modulation depth of 6.6dB results (figure 11 right).
Figure 11 -Optical eye diagrams obtained at 10Gbit/s (left) and 40Gbit/s (right)
In terms of the power consumption, these devices still require a termination so the same calculation holds as with the conventional MZI however, the reduction in the required drive voltage allows for a reduction in power consumption. In the 10Gbit/s case the power consumption is 2pJ/bit and 3.1pJ/bit at 40Gbit/s.
Dispersion engineered photonic crystal modulator
To further demonstrate the potential of using slow light to enhance the modulation efficieincy a dispersion engineered photonic crystal modulator based upon carrier injection has been developed within the UKSP project [11] . SEM images of the device can be seen in figure 12 .
Figure 12 -Annotated plan SEM images of the dispersion engineered photonic crystal modulator
180um phase modulators have been inserted into both arms of a MZI. The normalised optical output against drive power (to one MZI arm) for two different group index values is shown in figure 13 . With a group index of ~7 20mW is required to switch the device. When the device is operated further into the slow light region with a group index ~30, switching occurs with a power of approximately 4mW indicating an enhancement factor around 5. Note however that the group index of 7 is larger than that of a regular silicon rib waveguide so the true enhancement factor is around 8. This clearly demonstrates the potential to reduce the power required to drive the device through the use of slow light. 
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